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Dielectric propertiesDisks of synthetic hydroxyapatite agglutinated with a synthetic polymer and hydrated in a moisture fog,
were prepared. A well-defined piezoelectric signal of these samples was obtained when a relative small
compression stress of 35 MPa (corresponding a force of 450 daN) was applied; piezoelectric signals of up
to 12 mV were obtained with this stress. Two different compression methods were followed to obtain the
piezoelectric signal: (a) hold method, where the load was maintained constant once it reaches the max-
imum stress and (b) release method, where the load was removed rapidly when the stress reaches its
maximum value. The samples were characterized using the techniques: X-ray Diffraction, Dielectric
Relaxation Spectroscopy and mechanical test.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
An important fraction of living beings has inorganic materials in
their structure, particularly bones and teeth for vertebrates; they
play important roles in the performance and survival of these
organisms [1]. The growth of the inorganic phase on organic mole-
cules, a process called bio-mineralization, can be schematized as
follows: inorganic ions (sodium, calcium, phosphate, etc.) dis-
solved in body fluids, precipitate on the organic phase producing
a solid inorganic material (bone or teeth) chemically linked to
the substrate, the collagen, which is the main fibrous protein in
the body. Collagen molecules have specific points along their fibers
that serve as nucleation sites for the mineral crystals. Two different
mechanisms have been proposed for this process [2].
Bone is a natural hybrid, anisotropic composite material with, in
many cases, a hierarchical morphology formed by a self-
organization process due to the intrinsic characteristics of the
constituent materials. Dry bone is composed of collagen (30–
40%) and hydroxyapatite (HAp) (60–70%); living bone has, addi-
tionally, between 10 and 20% water [3]; there is also small
amounts of other proteins and inorganic salts. Some results indi-
cate that the mineral phase of real bone contains less hydroxylthan synthetic stoichiometric HAp [4], however the synthetic
material shows a crystal structure and a bioactivity similar to real
bone. Additionally, because HAp appears in large proportion as
compared with others components, its crystalline structure con-
trols, at large extent, the piezoelectric effect [4]; however, it is
important to mention that, because in this case the HAp was
grounded to mesh 100 (149 lm) to form the disks there is not a
preferential crystal orientation in the samples. The combination
organic-inorganic controls, completely, the biomechanical and
functional integrity of the bone tissue. Because collagen represents
an important fraction of the whole bone tissue, the piezoelectric
response of this composite involves the collagen in the deforma-
tion process, i.e. collagen has also an important contribution to
the piezoelectric response [5]. Some attempts have been made to
simulate the precipitation process of inorganic structures on
organic substrates using different organic molecules [6].
The combination of hard inorganic tissue chemically linked to
the organic one, produces a synergy that improves, among others
things, the mechanical properties of the ceramic-organic compos-
ite. Generally, the inorganic phase is crystalline, giving place to
hybrid materials with anisotropic properties; for example, the
strength in the longitudinal direction of long bones in vertebrates
is significantly enhanced by the presence of the cortical bone; this
is a hybrid, compact and very anisotropic nano-composite material
formed by oriented nano-crystals of HAp linked, in a complex way,
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of the bone; the cortical bone improves, significantly, the mechan-
ical properties of the whole bone particularly along the longitudi-
nal direction which is the one where the principal stresses are
applied. The form and structure (internal and external) of bones
are determined by the mechanical stresses they are subjected to
(Wolff’s law) [7–9].
The body fluids are supersaturated with nano-crystals of HAp,
but the buffering effect prevents that these crystals spontaneously
precipitate (homogeneous nucleation) on the organic matter. Liv-
ing organisms, the osteoblasts, are the responsible to produce the
hard tissue by depositing, selectively, HAp crystals at specific sites
on the collagen fibers matrices (heterogeneous nucleation) [10]. In
this process it is important the chemical interactions between the
HAp chemical group (hydroxyl) and the functional groups of the
organic substrate (carboxyl ACOOH and amino ANH2 groups) [11].
When collagen and/or HAp are deformed, electric dipoles, of
piezoelectric origin, are produced. These dipoles give place to a
reorganization in the material tending to increment the negative
charges in the region of compression, favoring the nucleation and
crystallization of HAp: the negative charges, in the compression
zone, attract the calcium ions in solution and, as soon they are
linked, they attract the phosphate ions, so on. Then, the piezoelec-
tric charges produced during the deformation, are also responsible
for the precipitation of HAp on organic matter by electrochemical
process. This mechanism happens in absence of osteoblasts
[12–14].
These are the two different mechanisms for bone growth: the
contribution from osteoblasts that produces the selective precipi-
tation of HAp, and the electrochemical process due to the genera-
tion of piezoelectric dipoles. These processes are coupled because
the osteoblasts are attracted by the piezoelectric dipoles produced
during the deformation of bone and collagen. Consequently, both
processes contribute to the rate of HAp deposition on organic sub-
strates (bone growth), but also they play an important role con-
nected with the repair, regeneration, healing and remodeling of
this tissue. The voltage generated by stress in bone, promotes the
osteogenesis, which is modulated by the piezoelectric current
when the pressure changes. The bone resorption process is carried
out by the osteoclasts [15,16].
The piezoelectric response of bone tissue is associated with two
important facts: sensing and growth: sensing to protect the tissue
against large deformations, and growth for the deposition and for-
mation of new bone [17]. Piezoelectric determinations are typically
obtained in dry materials in order to avoid the complications intro-
duced by water; however natural tissues, as living bone, possess
considerable amounts of water that has important contribution
to the piezoelectric response [18]. The presence of water may dif-
ficult to establish if the output voltage, obtained when some stress
is applied to the sample, is really of piezoelectric origin; this is
because hydrated tissue in the connective structure produces
streaming potentials [19]. These are produced when a pressure
gradient is applied to an electrolyte that is flowing through a chan-
nel or porous with charged walls; the liquid near the walls is not
neutral due to the electrical double layer of counterions, which is
swept out by the fluid during the application of pressure, produc-
ing a net electric current and voltage. Additionally, for hydrated
tissue the high electrical conductivity of water interferes with
the establishment of an electric field inside the sample. However,
it has been well established the existence of piezoelectric effects
in bone under moisture conditions [20].
Dry bone is piezoelectric in the classic sense: mechanical stress
results in electric polarization and vice versa. This behavior is
reversible: when the voltage is removed, the material recovers its
original dimensions. The magnitude of the piezoelectric current
depends on the frequency, direction of load and relative humidity,however it is not completely clear if fully hydrated bone is piezo-
electric at all frequencies; it has been reported that it is piezoelec-
tric in the kilohertz range (above the range of physiological
frequencies) [21].
An important characteristic in piezoelectric technology is the
extremely low power consumption that can be achieved as com-
pared to others electromagnetic technologies; however, there is a
limitation due to the presence of leakage currents through the
material, which limit the minimum power consumption. The main
objective of this work was to study the piezoelectric response of a
hybrid synthetic HAp-based material agglutinated with polyur-
ethane, when it is subjected to external stress.
Theoretical considerations
When a polarizable material is placed in presence of a uniform
electric field Eo, an induced polarization Pi is generated in the
material. Denoting by ro and ri the free and induced charge den-
sities, which are the sources of Eo and the induced field Ei, the total
electric field E can be written as: E = Eo  Ei. As a function of the
surface charge densities:
ro
jeo
¼ ro
eo
 ri
eo
) ri ¼ j 1j
 
ro ð1Þ
where j and eo are the dielectric constant and the dielectric permit-
tivity. The induced polarization Pi is defined as the induced dipolar
moment pi per unit volume:
Pi ¼ piVol ¼
riAd
Vol
¼ ri ) Pi ¼ j 1j
 
ro ð2Þ
where A and d are the area and thickness of the material. The elec-
tric field E can be written as a function of the voltage as:
E ¼ V
d
) V ¼ Ed ¼ rod
jeo
) ro ¼ jeoVd ð3Þ
Using this result, it is possible to write the induced polarization
Pi (Eq. (2)) as:
Pi ¼ j 1j
 
KeoV
d
) Pi ¼ ðj 1Þ eod V ð4Þ
The piezoelectric coefficient d33 is defined as the ratio between
the induced polarization Pi of the material in direction 3 and the
applied stress r also in direction 3:
d33
Pi
r ¼ ðj 1Þ
eo
d
V
r) V ¼
d33d
ðj 1Þeo r ð5Þ
There is a linear relationship between the piezoelectric voltage
and the applied stress.
Methodology
Materials and methods
Synthetic hydroxyapatite has been widely used in the recent
years for implants because, among other things, possesses a chem-
ical structure similar to living bone [22]. The HAp used here was
synthesized in our lab by the co-precipitation method between cal-
cium nitrate tetra-hydrated (Ca(NO3)2:4H2O) and di-ammonium
phosphate ((NH4)2HPO4); it has a hexagonal crystalline structure
with a space group P63/m and unit cell dimensions of a = 9.41 Å
and c = 6.88 Å. An aqueous solution of calcium nitrate was pre-
pared by dissolving 51.93 g of (Ca(NO3)2:4H2O) in 600 mL of dis-
tilled water; the pH was adjusted between 11 and 12 using
ammonium hydroxide. Separately, 7.88 g of ((NH4)2HPO4) was dis-
solved in 900 mL of distilled water adjusting also the pH between
Table 1
Chemical composition, Young moduli and relaxation for all samples.
Resin Young modulus Tau (hold) Tau (release) jM-G jLog
15% (523 ± 12) MPa 12.1; 86.0 s 1.3; 14.2 s 13.0 13.0
17.5% (557 ± 7) MPa 42.5; 376.4 s 1.34 s – –
20% (564 ± 12) MPa 22.1; 101.0 s 0.63 s 12.4 12.6
Fig. 2. X-Ray diffraction patterns of: synthetic HAp and the composite HAp-Resin.
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was added, with agitation, to calcium solution drop-by-drop
(approx. 7.3 mL/min). The mixture was kept under mild agitation
during 24 h. After this, the mixture was kept in rest for another
24 h; after this time a white precipitate was observed. The chemi-
cal reaction for HAp production is:
10CaðNO3Þ2 : 4H2Oþ 6ðNH4Þ2HPO4 þ 8NH4OH
! Ca10ðPO4Þ6ðOHÞ2 þ 20NH4NO3 þ 46H2O
The precipitate was washed with distilled water twice and
placed in a stove at 80 C to reach a constant weight in approxi-
mately 100 h: the slow drying process was controlled reducing
the evaporation by covering the recipient with aluminum foil with
few small holes. The final product was a white powder that was
grounded in an agate mortar at mesh 100 (149 lm). The Ca/P ratio
was determined using ICP obtaining 1.6 corresponding to the sto-
ichiometric value.
Polyurethane (PU) has been widely used as implanted material
or as agglutinant in implanted materials. The PU used here was
solvent-free, alkyd-based polyurethane; the alkyd polyurethane
was chosen because it possess high agglutination capacity, good
adhesion to many substrates, high hydrolytic stability, good tai-
lorability, high wearing resistance and it is well bio-accepted as
implant [23]. The curing agent was polyisocyanate that reacts with
all the OH groups of the resin and the HAp, linking all together,
producing an internal network in the material that is responsible
for its good final properties. The HAp particles and the resin mole-
cules have OH groups that can react with the cyano groups (ANCO)
of the polyisocyanate to produce the urethane group (ANHCOOA).
The reaction between HAp and the hydroxylated resin with the
polyisocyanate can be schematically written as:
ðHApÞAOHþ CONARANCOþHOAðHApÞ
! ðHApÞAOACOANHARANHACOAOAðHApÞFig. 1. Schematic setup of the cell holder coupled to mechanðResinÞAOHþ CONARANCOþHOAðResinÞ
! ðResinÞAOACOANHARANHACOAOAðResinÞðResinÞAOHþ CONARANCOþHOAðHApÞ
! ðResinÞAOACOANHARANHACOAOAðHApÞ
Three different types of samples were prepared with different
proportions of resin respect to HAp: 15, 17.5 and 20% wt; the sam-
ples’ compositions are reported in Table 1.
Three replicas of each one were prepared for reproducibility
purposes. The samples were disks of 12.7 mm in diameter and
1.2 mm in thickness. The grounded HAp was added slowly to the
agglutinant (PU), mixing them perfectly until a homogeneous paste
was obtained. 0.23 g of the paste was placed in a specially fabri-
cated stainless steel cylindrical mold to form the disks; a pressure
of 100 bars was applied during one minute.ical test machine and the electric detection equipment.
Fig. 3. Typical stress-strain plot for a compression experiment corresponding to a
sample containing 15% resin.
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rest for 24 h until the chemical reaction between the polyiso-
cyanate and the resin and HAp was complete at room temperature.
Table 1 shows the compositions and some physical properties of
the prepared materials. The disks are isotropic with no preferential
crystalline orientation.
The samples were hydrated by placing them in a water mist
produced by a humidifier apparatus (Steren model Air 200) filled
with triple distilled water of 15 MX-cm of resistivity during
1.5 min; the samples were placed vertically in order to humidify
both flat faces of the disks. Once hydrated, the samples were placed
immediately between two stainless steel electrodes that cover,
almost completely, the whole disk’s area (the flat surfaces and
the round edge), reducing significantly the water lost by evapora-
tion throughout the experiment. No dimensional changes in the
size of the samples were observed after the hydration procedure.Fig. 4. Voltage profiles for a sample with 15% resin for: a) the hold method where the
released rapidly once the load is 450 daN.Characterization techniques
The samples were characterized using wide angle X-ray Diffrac-
tion (WAXRD), mechanical tests and Dielectric Relaxation Spec-
troscopy (DRS). The WAXRD analysis was accomplished on a
Rigaku diffractometer, model Ultima IV, operating at 30 mA and
40 kV, using a Cu Ka radiation-wavelength of k = 1.5406 Å; the
angle 2H was varied from 5 to 80 at a scan of 2/min.
The mechanical tests were performed in an Adamel Lhomargy
(Evry, France) machine model DY22, in the compression mode,
equipped with a load cell of 500 daN and with a velocity of
0.5 mm/min; the maximum applied load was of 450 daN and the
uncertainties in the mechanical determinations are less than 5%.
The mechanical tests were performed following two different
methodologies: once the maximum load (450 daN) was reached,
the stress was maintained constant (‘‘hold method”); in the second
method (‘‘release method”), once the maximum load was reached,
the stress was rapidly removed.
Fig. 1 shows a schematic diagram of the sample and the cell
holder coupled to a mechanical test machine and the electrical
detection equipment. Dielectric Relaxation Spectroscopy was per-
formed in an Agilent E4980A Precision LCR Meter with signal
voltage-level monitoring accuracy (Vac) of ±(3% of reading value
+ 0.5 mVrms) at a test signal voltage of 1 Vrms and test fre-
quency6 1 MHz. The piezoelectric voltage was measured using a
voltmeter Tektronix model TX3 True RMS equipped with an optical
interface for data acquisition in the range of 0.5 DC volts, a resolu-
tion of 100 mV and an accuracy of ±(0.05% + 1 count). The repro-
ducibility was verified by repeating the measurements three
times, always in hydrated samples. In all cases, the temperature
during the measurements was of (25 ± 2) C and the room’s rela-
tive humidity controlled to (35 ± 2)%.
All the dielectric properties were determined by scanning each
one from 0 to 500 kHz. The samples were placed between elec-
trodes to form a parallel-plates capacitor. The electrodes were
interconnected to a LCR meter using the probe tip test texture
model RP-92. The parameters were Cp and Cs (capacitances mea-
sured with parallel- and series-equivalent circuit model), Rp and
Rs (resistances measured with parallel- and series-equivalent cir-
cuit model), D (dissipation factor), Z (impedance), hd (phase angle
of impedance/admittance [degree]), G (conductance measuredload was kept constant at 450 daN and b) the release method where the load was
Fig. 5. Voltage profiles for a sample with 20% resin for: a) the hold method and b) the release method.
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(admittance).Results and discussion
In Fig. 2 it is reported the diffractions patterns of HAp and HAp-
PU; here it is possible to see all the characteristic reflections of pure
HAp, while for the composite HAp-PU, an additional broad band
centered around 24 corresponds to the amorphous material.
These diffractograms show that the HAp’s crystalline structure is
not modified by the chemical reaction with the polyisocyanate.
Mechanical tests were performed for all samples. For the sam-
ple with 15% resin, the stress-strain plot is reported in Fig. 3; the
results for the other samples, not shown, are similar. The slope of
the curve in Fig. 3 corresponds to the Young modulus Y; the Young
moduli for others samples are reported in Table 1.Fig. 6. Dependence of the relaxation times with the resin content for hold and
release methods.As can be seen in this figure, in the range of applied stress, the
behavior of the samples is Newtonian. Y depends on the samples
composition: it increases with the resin concentration (Table 1).
The presence of PU improves the mechanical properties of the sam-
ples by the generation of the internal network structure.
Fig. 4a and b show typical piezoelectric voltage profiles for a
sample containing 15% resin for: a) the hold method and b) the
release method; for the other samples the profiles are similar. In
Fig. 4a (hold method) at time zero both, the stress and the voltage
are zero; the stress is increased and, when it reaches its maximum
value, it was stopped and kept constant. The piezoelectric voltage
grows to reach it maximum value according to the maximum value
of the stress. Typically, in all cases here, the maximum piezoelec-
tric voltages are in the range from 5 to 24 mV. Once the stress
was stopped and kept constant, the voltage is reduced exponen-Fig. 7. Dependence of the piezoelectric voltage with the applied stress. The insert
shows the linear dependence of the voltage with the stress at low stress values.
Fig. 8. Dependence of the conductance with the frequency of the applied signal.
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times: the data for the relaxation voltage was fitted using a double
exponential function.
The characteristic relaxation times for all samples are reported
in Table 1. The reduction in the voltage, even though the stress is
still applied, means that the voltage is not completely piezoelectric.
The voltage relaxation can be associated to a charge transport in
the material due to the presence of water (humidity) that allows
the electrolyte to transport the charge (ions) forced by the electric
field generated by the polarization superficial charge. Additionally,
the material can suffer small fissures due to the applied stress, cre-
ating paths that favor the charge transport, reducing the electric
field and, consequently, the voltage.
In Fig. 4b (release method) the piezoelectric voltage is increased
when the stress is applied. Once the stress reaches its maximumFig. 9. Capacitance in: a) parallel and b) series as a function of frequency of the applied s
increased.value and it is rapidly removed, the voltage is also rapidly reduced
according to fast exponential decay: in practically all cases, the
voltage decay can only be fitted using a single (instead of a double)
exponential decay (see Table 1). In this method the voltage relaxes
significantly faster with respect to the former case: for the samples
with 15% resin the times are: 12.1 and 86.0 s for the hold method
and 1.3 and 14.2 s for the release method, i.e. for the release
method the times are smaller by a factor between 6 and 9. In
Fig. 5a and b are reported the voltage profiles for a sample with
20% resin for both methods; in this case the relaxation times are:
22 and 101 s for the hold method and 0.6 s for the release method.
In Fig. 6 a plot of the relaxation times s1 and s2 at different resin
concentration, is reported. As expected, when the resin concentra-
tion increases to 17.5%, the time required for the relaxation of the
voltage reaches its maximum value; this is because the samples
becomemore hydrophobic when the resin concentration increases,
then the hydration is reduced together with the charge transport.
However, when the resin concentration exceeds 17.5%, this is near
percolation, reducing the net polarization.
Fig. 7 reports a voltage-stress plot for 15% resin; similar plots
were obtained for other samples. Here it is possible to see that
the voltage-stress curve behaves linearly at low stresses (see
insert). This behavior is predicted by Eq. (5). From this figure, the
initial slope of the Pi versus r is 0.016  106 V/Pa, then, from
Eq. (5) it is possible to write:
d33d
ðj 1Þeo ¼ 0:016 10
6 V=Pa ð6Þ
The dielectric constant j was determined by two different
ways: a) by a direct measure using the precision LCR Meter (Agi-
lent E4980A) at 1 kHz and 1 V AC, and b) by an estimation using
the Maxwell-Garnett mixing rule (MGMR) and the logarithmic
mixing rule (LMR). The results obtained using the LCR Meter were,
for 15% resin: in vacuum Co = 1.97 pF and for the hydrated sample
C = 33.5 pF; the ratio C/Co provide the dielectric constant: j = 17.
For the estimation of the dielectric constant using the Maxwell-
Garnett theory, it is required the j values of the constituents’
materials: for HAp and PU the literature reports 14.23 and 5.3,
respectively; a small correction for the presence of water was also
included. The resulting values for j are: for MGMR 13.0 and 12.4
for 15 and 20% resin, for LMR 13.0 and 12.6 for 15 and 20% resinignal. The inserts show details of the reduction in capacitance once the frequency is
Fig. 10. Resistance in: a) parallel and b) series as a function of frequency of the applied signal. The inserts show details of the reduction in resistance once the frequency is
increased.
Fig. 11. a) Dissipation factor and b) Phase angle as a function of frequency of the applied signal.
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was calculated: for j = 17 d33 = 1.9  1015 m/V; for
j = 13 d33 = 1.4  1015 m/V and for j = 12.4 d33 = 1.34  1015 -
m/V. It has been reported [5,24] that the piezoelectric coefficient
d33 for collagen is 6.2  1014 m/V, while for HAp-collagen its
value is slightly reduced to 4.1  1014 m/V. The low values of
d33 obtained here can be due to the presence of pores (interstices)
produced during the agglutination process; additionally, PU was
used instead of collagen.
Several dielectric parameters were measured and are reported
in the figures from 8 to 12. Conductance as a function of frequency
is reported in Fig. 8, where it is possible to see that reaches a max-
imum value (6  107 S) at around 2.1  105 Hz.
Capacitance measurements are reported in Fig. 9a and b for: a)
parallel and b) series; these plots include inserts showing details ofthe region where the large changes are observed, which happen at
low frequencies: for parallel capacitance, Cp is reduced from
3.2  1011 F to 0.8  1011 F when the frequency reaches values
larger than 20 kHz; Cs has a similar behavior, showing a reduction
from 3.25  1011 F to 0.8  1011 F for frequencies larger than
20 kHz.
Resistance measurements are reported in Fig. 10a and b for: a)
parallel and b) series. These plots also include inserts showing
details of the large changes in the resistive impedance: the Rp val-
ues are reduced from; 2.65  109X to zero for frequencies larger
than 3 kHz, while Rs is reduced from 3  107X to zero for frequen-
cies larger than 5 kHz.
Fig. 11a and b show the dissipation factor and the phase angle,
while in Fig. 12a and b are reported the susceptibility and the
admittance.
Fig. 12. a) Susceptibility and b) Admittance as a function of frequency of the applied signal.
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Several disks were prepared using synthetic HAp agglutinated
with different amounts of polyurethane and hydrated using a
humidifier. When a pressure was applied to a disk, a piezoelectric
voltage appears between its flat surfaces, meaning that HAp has
intrinsically a piezoelectric response. Two different methods were
used in the application of the stress: a) the hold method where
the stress is kept constant once it has reached its maximum value
and b) the release method where the stress is rapidly released once
it has reached its maximum value. For the hold method the output
voltage decay exponentially to zero with two characteristic times;
in this sense, the voltage signal is not completely piezoelectric:
there is an internalmechanism that discharges the voltage by trans-
porting the charge between the electrodes. For the release method,
the output voltage also decays exponentially, with only one charac-
teristic time, but this decay is significantly faster respect to the for-
mer one. This is an interesting behavior because, on one hand, the
piezoelectric voltage plays the role of a sensor to protect the body
again large deformation (injuries, contusions, etc.) and, on the
other, when the deformation is relatively small and is maintained
for long times, there is a relaxation of the signal to zero, ceasing
the signal that transport the information of the deformation action.
This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
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